ABSTRACT Nowadays, most of the doubly fed induction generators (DFIGs) are equipped with rotor crowbar for the requirement of low voltage ride through (LVRT). The crowbar resistance is an important parameter, and it is selected taking rotor overcurrent and dc link overvoltage limits into consideration. However, the impact of grid impedance on the LVRT performance of DFIG and crowbar resistance is not adequately researched. This paper proposed an improved method to analyze the LVRT performance of DFIG system with rotor crowbar taking the influence of the grid impedance to fill this gap. The impedance of the present grid would be decreased in the future due to the installation of more wind farms to the grid. As a consequence, the performance of DFIG under LVRT with rotor crowbar is degraded. So the design rules of the crowbar resistance need to be reconstructed. Additionally, the analytical expression of the crowbar resistance is derived considering the grid impedance. The effectiveness of the proposed method is validated through theoretical analysis and MATLAB simulations.
I. INTRODUCTION
In recent years, wind power plays a significant role in the power system due to the high penetration of wind energy into the power grid. The wind energy conversion system should meet the requirements of the grid voltage control, and this is termed as fault ride-through or low voltage ride-through (LVRT) to guarantee the stability of power system in grid faults scenarios. Additionally, the LVRT for wind farm grid code is indispensable. China has been the largest market of wind turbines in the world in recent years, and it is reported that wind energy is 164 Giga-watts by 2017 and is expected to be 210 Giga-watts by 2020. In 2003, the German electric transmission operator E.ON and VE-T firstly defined the LVRT [1] , and it has been the research hotspot for more than one decade.
According to grid code of China, wind turbines are required to ride-through voltage dips down to 20% of nominal grid voltage, without tripping offline for the duration of 625 milliseconds, or absorbing reactive power from the power grid as depicted in Fig. 1 .
The associate editor coordinating the review of this manuscript and approving it for publication was Zhehan Yi. Advantages like partial rated power converter and variable speed operations make DFIG prevalent in the wind power industry [2] . However, the DFIG system is more vulnerable to grid disturbances due to the direct connection of the stator circuit to the grid. The voltage at PCC is dropped due to the grid faults, resulting in a high stator transient current. The magnetic coupling between stator and rotor circuit causes high voltage and current in the rotor circuit. As a consequence, high current flows through the rotor side converter (RSC), and the RSC faces high electrical stress due to overcurrent and/or overvoltage. Moreover, mechanical stress is also generated on the bearings and gearbox, which worsen the lifespan of the gearbox. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 2. Schematic diagram of a DFIG system. Fig. 2 shows the schematic diagram of the DFIG system. To allow the converter to generate or absorb reactive power [3] , the RSC controlled the stator active and reactive power, and the dc-link voltage is controlled by the grid side converter (GSC). However, the wind speed can change the active power flow direction through the rotor circuit [4] , [5] .
In literature, numerous LVRT techniques have been proposed to improve the LVRT capability of the DFIG system and can be generally divided into types of (i) hardware based solutions [6] - [18] and (ii) software based solutions [18] - [27] . A series coupled compensation converter [6] , and a cascade converter [7] are proposed to fulfill the LVRT requirements of a DFIG system. But most of the hardware based protection schemes for a wind turbine in the industry deployed the crowbar to limit the high current and voltage in the rotor circuit [8] - [10] . During grid faults, the crowbar circuit is triggered, and the RSC is blocked to keep the rotor current in prescribed limits. Consequently, DFIG operates like a squirrel cage induction generator absorbing reactive power from the faulty grid [11] . To enhance the performance of the DFIG system under LVRT, some improved crowbar solutions have been proposed [12] - [18] . Nevertheless, the grid impedance is not taken into consideration during the crowbar resistance selection.
Software based solutions such as enhanced hysteresis based current regulators [19] , and the modified feed-forward compensating term [20] are usually employed in the vector control structure. Furthermore, in the literature, advanced control methods such as nonlinear control approach [21] , power angle control [22] and the adaptive disturbance rejection control [23] are presented to improve the DFIG performance under LVRT. The hybrid fuzzy PI-cascade controller and the coordinated reactive power control to fulfill the LVRT requirements of DFIG system are proposed in [24] and [25] , respectively. Reference [26] proposed an inductance-emulating control strategy to enhance the LVRT capability of the DFIG system. Reference [27] proposed the improved rotor braking protection in coordination with self-adaptive control to further improve the LVRT performance of the DFIG system. [28] anticipated novel techniques through peak short circuit current reduction to enhance the LVRT capabilities of the DFIG system. However, part of the above control strategies suffers from complexity and lack of robustness.
Improvement in the LVRT performance of DFIG system using rotor crowbar is the research hotspot for both academia and industry. However, the impact of grid impedance on the crowbar resistance (R c ) is neglected. The future grid will be influenced by connecting more wind farm. Hence the impedance of the future grid will be decreased, and the DFIG performance under LVRT will be deteriorated. So this paper analyzed the impact of grid impedance on the LVRT performance of the DFIG system with rotor crowbar solutions. This paper is organized as follows. The modeling of a DFIG system is discussed in Section II. Control of DFIG system during steady state and grid voltage dips is briefly discussed in section III. Selection and comparison of the crowbar resistance with different methods and possible modifications in the rotor crowbar to further improve DFIG performance under LVRT support are discussed in section IV. A brief discussion about the modified method and the traditional method of crowbar resistance selection is made in Section V. Finally; conclusions are drawn in section VI.
II. MODELING
The DFIG system includes a wind turbine, drive train model, the generator, back to back power converter together with its control system and connects with the grid through the transformer (See Fig. 2 ). The control system has two levels. One is the wind turbine (WT) control, and the second is converter control. The WT level generates the reference value for the rotor speed of the DFIG based on the measured wind speed and optimum power-speed characteristic curve. It also controls the output mechanical power of the wind turbine through the pitch angle. The two-level control strategy is used for both power optimization and power limitation below and above the rated speed, respectively [29] . The converter control, i.e., the controllers of RSC and GSC, decouple the active and reactive power and will be briefly introduced in the forthcoming sections of this paper.
A. DRIVEN TRAIN
The whole mechanical system model for a wind turbine is very complex and rigorous calculations are needed. However, for the simulation case in this paper, two mass driven train model is sufficient, as shown in Fig. 3 . The turbine rotational speed ( t_ar ) and torque (τ t_ar ) can be expressed as [30] : (2) where N gb is the gearbox ratio. The first order differential equation of two mass systems is given by
The model can be simplified into two inertia (J 1 and J 2 ) and stiffness (K 12 ) by ignoring the damping coefficients (D 1 , D 2 , and D 12 ). 
B. GENERATOR
The stator voltage and rotor voltage are derived from Fig. 4 , where the stator and rotor flux in an arbitrary frame of reference rotating with angular speed ω. According to [30] , it has
where V s and V r are stator and rotor voltage. R s and R r are the stator and rotor resistance. ψ s and ψ r represent stator and rotor flux linkage. L s , L r and L m is the stator and rotor self and mutual inductance, respectively. By aligning d-axis reference frame to air gap flux of the DFIG, the electromagnetic torque and reactive power can be expressed as
The electromagnetic torque and stator reactive power is directly proportional to q-axis and d-axis rotor current, respectively. RSC controls the electromagnetic torque (or active power) and reactive power by decoupling i rd and i rq .
C. CROWBAR
Crowbar is connected between the rotor of the DFIG and the RSC, as shown in Fig. 5 . Thyristor might be used as a switch in crowbar circuit in the early stage of the grid-connected wind turbine system, but thyristor suffers from disadvantages of uncontrollability of their cut-off. Most of the manufacturers replace thyristor with IGBT to allow direct disconnection of a crowbar and instant RSC reactivation to resume the normal operation. The IGBTs of the RSC are blocked, and the crowbar is activated, if either the rotor current or the dclink voltage levels exceed the limits. The voltage across the R c and dc-link voltage are examined during the crowbar action. The crowbar is disengaged, when both of these voltages are sufficiently low. After a small delay for the decay of the rotor currents, the RSC will be reactivated, and the reactive power is supplied for grid support.
During normal operation, the RSC and GSC are in action, and the crowbar is in OFF mode. The IGBT of the active crowbar must be turned on to bypass the rotor overcurrent from the RSC to crowbar to restrain the rotor overvoltage during voltage dips.
III. CONTROL STRATEGIES A. VECTOR CONTROL
The vector control of power converters for the DFIG is based on coordinate transformation with the use of the conventional PI controller. Various publications [12] , and [32] , [33] have been published regarding the vector control of the DFIG. The vector control structure for the DFIG is shown in Fig. 6 .
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The RSC control structure has the inner current control loop and the outer torque or speed control loop. The electromagnetic torque and reactive power of DFIG are controlled independently by controlling the RSC in synchronously rotating d-q frame of reference aligning d-axis to the stator flux. The reference q-axis rotor current i * rq is generated by regulating the reference torque T * e over the rotor speed. The reference rotor speed ω * r is calculated using the maximum power point tracking (MPPT) algorithm. The reference d-axis rotor current i * rd is generated by regulating the reactive power supplied by the DFIG, as shown in Fig. 6(a) .
The goal of the GSC is to retain the constant voltage on the dc link capacitor regardless of the sub and super synchronous mode of operation. In the synchronous frame of reference, the voltage balance equation can be expressed as
By aligning d-axis of the synchronous frame of reference to the grid voltage, the active power supplied and absorbed by the GSC to/from the grid is given by
The control strategy for the GSC is shown in Fig. 6 (b). The active power and hence, the dc link voltage is directly proportional to i gd , and reactive power is proportional to i gq , which can be regulated by controlling v * gd and v * gq , respectively. By application of a PI controller over dc link voltage v dc , the reference d-axis GSC current i * gd is calculated, where the q-axis reference GSC current (i * gq ) is set equal to zero. To control the current loops, the reference voltage (V * GSC ) is calculated for GSC by using (12) .
B. LVRT CONTROL WITH CROWBAR
From the viewpoint of the converter, the rotor voltage is one of the most critical parameters of the DFIG system during grid voltage dips [13] . The rotor flux linkage can be found by combining (8) and (9) and is given by
where
is the leakage coefficient, and σ L r is the transient rotor inductance.
The rotor voltage can be found by substituting (14) into (7) and can be expressed as [15] 
As can be seen in (15), the rotor voltage consists of two parts. The first part is the EMF induced in the rotor circuit by stator flux linkage; the voltage drop on both resistance and transient inductance can be treated as a second part. The EMF under steady state, neglecting the stator resistance of the DFIG is given by 
The first term of (18) The aforementioned analysis concluded the output voltage of RSC would be increased during grid fault scenarios due to high rotor EMF. In such cases, the rotor crowbar must be activated to bypass the RSC. Fig. 7 shows the rotor side equivalent circuit with a crowbar.
IV. OPTIMIZATION OF CROWBAR RESISTANCE
In this paper, only the crowbar for DFIG system is considered. The crowbar circuit will bypass the RSC to limit the high currents and voltages in the rotor circuit under grid fault scenarios. There are two main requirements which give the upper and lower limit of R c . To limit the rotor current, R c should be large enough. However, to elude a too high voltage in the rotor circuit R c must be small. So the tradeoff should be made between the upper and lower limits of R c . It should be noted that other control strategies, i.e., direct torque control could also be applied to the DFIG system for realizing the LVRT of the DFIG system and the rotor crowbar will be similar. 
A. TRADITIONAL ROTOR CROWBAR RESISTANCE
In [34] , the crowbar circuit is tested for different degree of the voltage dips, i.e., 0 %, 15% and 40%, and the optimized R c is given as
and L σ r are the self-inductance of stator and rotor windings respectively, and L m is the mutual inductance. Theoretical results are verified through simulations, but in the proposed configuration, R c depends on the machines parameters, i.e., inductances and angular frequency of the DFIG. Additionally, the maximum allowable rotor voltage limit is not defined in the proposed method.
Voltage dip or voltage sag is a sudden reduction (between 10% and 90%) of the voltage at a point. In this paper, a little higher voltage dips (90%) than China LVRT standards (80%), and a little lower than Germany (100%), Sweden and Finland (95%) is selected. Additionally, in this paper, the DFIG system with R c selected by (19) is defined as method-1 and simulated under 90% voltage dip at PCC. Fig. 8 shows the simulation results of the DFIG with parameters of the DFIG system are given in Table 1 .
The stator and rotor current is shown in Fig. 8(b) and Fig. 8(c) , respectively. It can be seen in Fig. 8(b) that the stator current under 90% voltage dip from 0.2 to 0.4 seconds is under the limit of overcurrent. Similarly, the rotor current lies under the safe operating limit, i.e., 2 p.u. as can be seen in Fig. 8(c) .
There is another selection way for rotor crowbar resistance given in [35] . By assuming the short-circuit at the generator stator terminal of grid-connected DFIG, R c can be given as
where V rmax is the permissible rotor voltage, X s is the transient reactance of the rotor windings and V s is the stator voltage under grid fault. Maximum rotor voltage is used in [36] to extract R c and as given by
where V rmax and V s is the maximum rotor voltage and stator voltage, respectively. L m , L s is the mutual and stator steady state inductance respectively, X σ r is the transient reactance of the rotor windings. It can be seen from (20) and (21) that the expression of R c is nearly the same, considering the maximum allowable rotor voltage, stator voltage and transient inductance. However, author [36] gives more theoretical and mathematical analysis to find the exact and more practical value of R c as compared to [35] , where too many assumptions and rough approximation are taken into consideration. The DFIG with R c selected by (21) will be treated as method-2 in this paper to simplify the analysis. The simulation results of stator and rotor currents with the crowbar circuit (method-2) are shown in Fig. 9 , where 90% voltage dip at PCC is supposed and DFIG parameters are listed in Table 1 . It can be seen in Fig. 9 that the stator and rotor currents are within prescribed limits of overcurrent. The selection of crowbar resistance, according to method-2, considers the maximum rotor voltage together with rotor overcurrent limits. So, the converter damage possibility due to overvoltage and overcurrent is much smaller than that in method-1. In this point, it can be concluded that the method-2 is better than the method-1.
B. IMPACT OF GRID IMPEDANCE
Installation of new wind farms to the existing grid is continuously increasing. As a consequence, the overall grid impedance in the future grid would decrease. Fig. 10 shows the schematic diagram of multiple wind farm connected to VOLUME 7, 2019 the power grid. When wind farm 1 is connected to the grid, the grid impedance is Z 1 = Z g1 + Z g0 . Connecting the wind farm 2 to the grid together with the present WF1, the equivalent grid impedance (Z 2 ) is reduced to Z 2 = Z g1 + Z g0 Z g2 . It shows the impact of the grid impedance to the DFIG would be small if the grid is very strong, where Z g0 could be neglected at the strong ideal grid and then impedance Z 1 is unchangeable.
For practical distribution power grid, the grid impedance is proportional to the short circuit capacity. The short circuit capacity is normally increased with the increasing grid strength, where more wind farms are connected to the grid, the more will be the grid strength. Supposing |Z 1 | = 2.18 , and |Z 2 | = 0.7 to reflect the above two cases of the present grid (16 kA) and future grid (50 kA) with more power sources, the stator and rotor currents with traditional rotor crowbar (method-1 and method-2) for the grid-connected DFIG is shown in Fig. 11 and Fig. 12 , respectively. Here the current of the DFIG connected with PCC1 is observed to evaluate the performance of the rotor crowbar. In both cases, the rotor crowbar resistance is selected according to (20) , which is not related to the grid impedance.
It can be seen in Fig. 11 (a) that stator current is below 2 p.u. if the DFIG is connected to the grid with present grid impedance. However, the stator current will cross the limit of overcurrent even though the crowbar is in action in the future grid impedance, as shown in Fig. 11(b) .
Likewise, the rotor current with different grid impedance can be seen in Fig. 12 .
From the aforementioned analysis, it can be concluded that large interference of grid impedance will cause the occurrence of overcurrent, which means the failure of the rotor crowbar technique. So the design rules of the crowbar resistance need to be reconstructed by taking the grid impedance into consideration.
C. MODIFICATIONS OF CROWBAR RESISTANCE
The grid impedance is in series with the stator of DFIG, decreasing the grid impedance will increase the stator and rotor current of DFIG under fault condition and hence degrades the DFIG performance under LVRT.
The schematic diagram of grid-connected DFIG with DFIG considering the grid impedance is shown in Fig. 13 .
Where V g and V s are grid voltage and PCC voltage, respectively. Z g is the Thevenin equivalent impedance of the grid, transmission line, and transformers. Considering the grid impedance Z g , the stator voltage V s of the DFIG is given by (22) where V g is the grid voltage and i s is the stator current of DFIG.
Substituting (22) into (1), it yields
Similarly, considering the grid impedance, the stator flux can be given by
Considering the grid impedance, (18) can be re-written as
Using Euler identity, (26) can be rewritten as (27) During crowbar action with blocked RSC, the DFIG impedance is given as (28) where the resistance and reactance of DFIG is given by [37] 
The fault current analysis of the DFIG system without a crowbar and the grid impedance has been studied in details in [38] . According to Fig. 13 , the stator transient current can be expressed as In (30), Z s , and the time constant can be expressed as
The voltage across the crowbar resistor and hence the voltage across the rotor and RSC can be expressed as
Combing (30) and (33) with the assumptions that maximum amplitude of the stator and rotor currents are approximately equaled, the maximum value of R c can be expressed as (34) , as shown at the bottom of this page, where A, B, C, D, F and G in (34) are given as
Based on (34) and (35), with the grid impedance |Z 1 | = 2.18 , the calculated value of R c comes out to be 2.5 .
Supposing two cases of different grid impedance similar to method-1 and method-2 with |Z 1 | = 2.18 , and |Z 2 | = 0.7 . The stator and rotor currents with a modified crowbar (R c = 2.5 ) for multiple grids connected DFIG is shown in Fig. 14 and Fig. 15 , respectively. It can be seen in Fig. 14 that under both case the stator current is below the limit of overcurrent. Similarly, it can be seen in Fig. 15 that the rotor current under different grid impedance is below the limit of overcurrent.
The aforementioned discussions verify the analytical expression of R c . Moreover, it can be concluded that R c taking
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D. DISCUSSIONS
The value of R c is an important parameter of grid-connected DFIG system to limit the rotor current and the rotor voltage during grid faults. The crowbar resistance R c might be calculated by the different methods and the value of R c is shown in Table 2 under the parameters of Table 1 . In Table 2 , the value of R c according to modify method is higher than the other three methods because in the modified method the impact of the grid impedance is considered. The stator currents under 90% grid voltage dip are simulated with the crowbar resistance selected by different methods, and the simulation results are given in Fig. 16 , where the amplitude of the stator current is plotted against time. The red, blue and black curve represents the traditional methods, i.e., the crowbar resistance without grid impedance, while the modified method is shown with the pink color. Before the time of 0.62 seconds, the system is supposed in a normal state, and the stator current has the same value. However, the peak value of stator current according to the modified method is lower than the traditional methods after the grid low voltage fault occurs. It can be seen from Fig. 16 that there are fewer oscillations and fast recovery of rotor and stator post-fault transient current may be achieved for the crowbar resistance of modifying method. So considering the grid parameters in R c calculation, the stator short-circuits current is decreased, which may enhance the lifespan of the wind turbines.
The index for LVRT is defined to show the impact of grid impedance on the crowbar resistance and compare the LVRT performance of the DFIG with different crowbar resistance and can be expressed as Similarly, I s,max , and I s,ref is the maximum and reference stator current, respectively. a 1 and a 2 are the weight of the rotor and stator current, respectively. The LVRT index can be found from (36) and plotted against the crowbar resistance, as shown in Fig. 17 . The LVRT index will intersect the threshold value at two points. The distance between the two intersection points is called a safe space. The region to the left of the first intersection point is called unsafe space. So the LVRT index for different grid impedance corresponds to different space. To check whether the crowbar resistance selected by traditional and modified method lies in the safe or unsafe space, different grid impedance Z g1 , Z g2 , Z g3 , and Z g4 is adopted as 2.18 , 0.7 , 0.53 and 0.43 , respectively. The LVRT index depends on the grid impedance as can be seen in Fig. 17 . For set LVRT index, the safe space might be obtained by the distance of the intersection points. Such as, for grid impedance Z g1 , the safe space is AA − and for grid impedance Z g2 , the safe space is BB − . Similarly, grid impedance Z g3 corresponds to the safe space CC − , while the safe space is DD − for grid impedance Z g4 . The crowbar resistance selected by method-1 and method-2 may realize LVRT at certain grid impedance; however, it still has the risk for operating out of the safe space when the grid impedance decreases greatly. For the modified method proposed in this paper, the selected crowbar resistance moves right side and much more fits for the safe space. So, in this case, the rotor crowbar technique will be robust to the grid impedance.
From the aforementioned discussions, it can be concluded that the grid impedance does impact on the selection of crowbar resistance. It shows crowbar resistance selected by the modified method is optimal than others. The crowbar current for different resistance selection methods taking the grid impedance into consideration with 90% voltage dip at the grid from 0.2 to 0.4 seconds is shown in Fig. 18 . It can be seen in Fig. 18 that the amplitude of the crowbar current using the traditional method of crowbar resistance selection (method-1 and method-2) is higher than the modified method. Furthermore, it can be seen that there are fewer oscillations in the crowbar current by using the modified method. So crowbar resistance selected by modified method may enhance the lifespan of the rotor crowbar.
The reactive power output of the RSC for different resistance selection methods taking the grid impedance into consideration with 90% voltage dip at the grid from 0.2 to 0.4 seconds is shown in Fig. 19 .
There are three regions in Fig. 19 . In the normal operating region the reactive power of the RSC is zero. In the LVRT operating region, the RSC is blocked, and there can be seen a fewer oscillation. However, after the crowbar is deactivated, the RSC reactivates, which causes large oscillations in the reactive power as can be seen in Fig. 19 . Additionally, it can be seen in Fig. 19 that the reactive power output of RSC using the traditional method of crowbar resistance selection (method-1 and method-2) in the RSC reactivation region is higher than the modified method. The crowbar cannot provide reactive power to the grid during fault events, and it is the major disadvantage of crowbar technology.
V. CONCLUSION
Improvements in LVRT performance of DFIG system with rotor crowbar considering the grid impedance is studied in this paper. The index for LVRT is developed based on stator and rotor current under grid voltage dips. Additionally, the analytical expression for the crowbar resistance considering the grid impedance is derived. It has been shown that grid impedance does impact on the crowbar resistance and crowbar resistance selected by the traditional method is close to the edge of the safe space on LVRT. While the crowbar resistance shown in the modified method fits the safe space better by taking the grid impedance into considerations, and it is prevailing to the other traditional crowbar selection methods. ZHENG XU received the B.Sc. degree in wind energy and power engineering from Hohai University, Nanjing, China, in 2013, and the M.Sc. degree in electrical engineering from Tongji University, Shanghai, China, in 2016. He is currently pursuing the Ph.D. degree with the Department of Electrical Engineering, Southeast University, Nanjing.
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